Abstract: A toolset of waveguide elements is examined, which can be combined to produce polarization functional devices in a single contiguous waveguide. In particular, waveguide implementations of an optical isolator and a polarization modulator are discussed. The waveguide elements, i.e., quasi-phase-matched nonreciprocal polarization mode converter, reciprocal polarization mode converter (R-PMC), and a differential phase shifter, are all based on mode beating. A universal 3-dB R-PMC specification is identified, which suffices for all the polarization functional devices considered here. A full-vectorial modesolver is used to determine the modes in a number of example III-V waveguide structures, and the polarization state evolution is considered by using an averaged Stokes vector illustrated on the Poincaré sphere construct.
Introduction
The optical polarization state and its control is becoming of increasing concern in the telecommunications field. First, the polarization state is normally employed in nonreciprocal elements, for example, optical isolators to suppress back-reflections to protect optical sources and other devices from injection noise or optical circulators to route counterpropagating signals in a single physical channel to different ports. Second, the polarization state provides an additional degree of freedom, and with a suitable multiplexer/demultiplexer technology, the capacity of a link can be increased. Third, with an increasing polarization sensitivity to a network with increasing data rates and polarization dependent components, such as semiconductor optical amplifiers and photonic integrated circuits, it is becoming essential that the polarization state can be detected and modified.
Manipulating the polarization state is also a route to amplitude modulation of light by using an analyzer, or other polarization selective element, in the system. By integrating the modulator with the laser source, the alignment of components is ensured, yet it avoids the disadvantages of direct modulation of diode lasers.
Current solutions to polarization-based applications generally make use of bulk components. These are wave plates or retarders (usually as quarter-or half-wave plates), polarizers or polarizing beam splitters, and bulk magnetooptic crystals (usually from the yttrium iron garnet family). In many applications, the polarization state is adjusted by mechanically rotating the wave plate or by employing a Pockel's electrooptic cell. The consequence of using bulk components to build optical systems is that the assembly and alignment of the components limits production volumes, affects reproducibility and yield, and becomes a major part of the overall manufacturing cost. On the other hand, photonic integration has proved technically successful in developing techniques for combining multiple optical devices onto a single chip with the benefits of added functionality, and reduction in costs, arising from the replacement of manual assembly and alignment of individual components with lithographic techniques. There are added advantages arising from the miniaturization, such as the use of p-i-n junctions to concentrate the application of an electric field to the depletion layer and greatly reduce the drive voltage required for electrooptic modulation, for example, using the quantum-confined Stark effect (QCSE). The area of polarization agility, control, and functionality is, however, relatively undeveloped within photonic integration platforms. The object of this paper is to discuss and analyze a toolkit of component elements to provide additional functionality through the manipulation of the polarization state of light.
Guided Mode Analysis
In this paper, we will restrict consideration to waveguides that are conventionally termed singlemoded, which are normally used to denote waveguides which support just two mutually orthogonally polarized, single-lobed guided modes É n1 ðx ; y Þ and É n2 ðx ; y Þ [1] . We will consider an optical system or a integrated waveguide device to consist of a sequence of optical waveguide elements where the optical loss to radiation modes and reflections at each transition can be neglected or treated as an averaged global loss. This is appropriate where there has been a designed mode matching between consecutive elements or where there is a graded transition region, for example, by incorporating a tapered section [2] , [3] . This allows the light propagating in each element to be expressed as a linear combination of the guided modes a n É n1 ðx ; y Þ þ b n É n2 ðx ; y Þ. The coefficients a n and b n are, in general, complex and can be related to those in an adjacent waveguide element through a unimodular transfer matrix. Now, as these modes will be associated with propagation constants n1 and n2 , respectively, due to mode beating, the propagation evolution of the guided wave within an element will be oscillatory with a periodic length 2L 1=2 , where
This paper uses the axes definition that the z-direction is parallel to the waveguides and takes the x -and y -axes to be in the plane and perpendicular to the plane of the wafer, respectively. The guided wave at a point ðx ; y ; zÞ can be represented in terms of the Stokes parameters calculated using the transverse field components
Here, we express the Stokes parameters in terms of the transverse magnetic field components H x ðx ; y Þ and H y ðx ; y Þ. These are normally the direct output of full-vectorial modesolvers, and can be used to compute all other field components (H z , E x , E y , and E z ). At each point, the relation S
0 is satisfied, and consequently, the Poincaré sphere (see Fig. 1 ) provides a useful graphical representation of the polarization state. Now, for the guided modes in single-moded rib and strip-loaded waveguides, the polarization state, which can be represented by the normalized Stokes vector ðS 1 ; S 2 ; S 3 Þ=S 0 , typically remains close to uniform over the transverse area of the mode that carries nearly all the power of the mode. This can be seen in the rib waveguide example shown in Fig. 2 , which is calculated using the fullvectorial finite-difference modesolver of Fallahkhair et al. [4] The contour lines are at 5-dB intervals ranging from 0 (the peak value for the mode) to À35 dB. S 3 is zero over these transverse mode profiles, and the peak value of S 2 is at least 15 dB below the peak value for S 1 . Although these modes are technically hybrid, they are routinely referred to as BTE[ (S 1 9 0, effective index n eff ¼ 3:3670) and BTM[ (S 1 G 0, effective index n eff ¼ 3:3592) modes, respectively. The corresponding half-beat length is therefore 68.29 m.
If we are able to neglect the transverse variation in polarization state for each mode, then it suffices to condense the Stokes vectors to normalized, averaged values
For the example rib waveguide, this provides values S ¼ ð0:9994; 0; 0Þ and (À0.9997, 0, 0) for the two modes, respectively. The applicability of this approximation can be gauged by the deviation of the modulus of the normalized, averaged Stokes vector from unity.
By condensing the polarization state of a guided wave to a single Stokes vector, it allows planewave constructs to be employed. In particular, the Poincaré sphere allows the polarization state to be represented as a single point on a sphere of unit radius. Two modes will be represented by two diametrically opposite points on the Poincaré sphere, and the axis through them corresponds to the optic axis. The evolution of the polarization state can be expressed as
where f; g denotes the Poisson bracket. The cyclical relation between the Stokes parameters can be expressed as
where the alternator jkl is equal to þ1 for a cyclic permutation, À1 for anticyclic, and zero otherwise. The polarization Hamiltonian depends on the contributions to the birefringence and the orientation of the modal axis. In the symmetric waveguide example in Fig. 2 , the modal axis is the S 1 axis, and the polarization Hamiltonian is given by
where Ák brf ¼ 2Án eff =. The evolution of a guided wave due to mode beating transcribes a path of constant Hamiltonian, which corresponds to a simple rotation around the modal axis of the Poincare sphere.
Polarization Elements for a Planar Waveguide Platform

Nonreciprocal Polarization Mode Converter
YIG and related garnets are overwhelmingly suited to magnetooptic effects in propagation with a large Verdet constant and low optical loss in the near-IR but have refractive indices that are substantially lower than the III-V semiconductor materials used in laser diodes. In order to effectively guide light, the refractive index of the core layer must normally be greater than that of the cladding layers. This, therefore, normally precludes the incorporation of conventional MO materials as waveguide core layers in III-V structures. However, this dichotomy may be circumvented through the integration of the MO media as an upper cladding layer [5] , [6] . Fig. 3 shows the modulus of the Stokes parameters for the guided modes of the GaAs/AlGaAs waveguide example shown in Fig. 2 but with the substitution of the silica cap layer with a transparent magnetooptic film. The full-vectorial finite-difference modesolver [4] is formulated for anisotropic dielectric tensors that enable the incorporation of complex off-diagonal elements appropriate to magnetooptics. The 200-nm-thick magnetooptic upper cladding is taken to have n ¼ 2:19 (garnet) and " xy ¼ 0:10i, corresponding to a longitudinal magnetic field (parallel to the propagation direction). The consequence of the Faraday rotation in the magnetooptic cladding is to modify the guided modes such that they now have a significant S 3 component. Upon reversing the direction of the applied magnetic field, the sign of the S 3 component changes. The averaged Stokes parameter vector for each of the two guided modes is rotated from the S 1 axis toward the S 3 axis: S ¼ ð0:9990; 0; À0:0316Þ and (À0.9981, 0, 0.0566) with effective indices n eff ¼ 3:3689 and 3.3630, respectively, giving a half-beat length of 90.36 m.
Note that in this example, the averaged Stokes parameter vector for the two guided modes are not quite diametrically opposite on the Poincaré sphere representation. This is because the TM-like mode has a somewhat larger component within the magnetooptic cladding than the TE-like mode due to the substantive index difference between the semiconductor and the garnet layers and the boundary conditions for the tangential field E x and normal flux density D y at the interface. Consequently, while the evolution of the averaged Stokes parameter vector will transcribe an orbit centered around a mode in the vicinity of that mode, the evolution orbits will deviate slightly from concentricity across extent of the Poincaré sphere.
The injection of a TE-polarized guided wave S ¼ ð1; 0; 0Þ into such a section will give rise to mode beating. However, as the evolution of the averaged Stokes parameter vector is an orbit around the modal point, there is only limited conversion in the development of a TM-polarized component after a half-beat length. This is a consequence of the inherent structural birefringence usually associated with planar waveguide format and has long been recognized as a fundamental limitation of waveguide isolators based on Faraday rotation.
Such a limitation is a general issue for coherent mode conversion processes (which also include nonlinear frequency generation) where substantive conversion requires matching the phase velocities of the modes concerned. An alternate strategy to achieving perfect phase-matching is quasi-phase-matching [7] (QPM), where the structure is periodically modified to maintain a monotonic conversion process. In the case of nonreciprocal polarization conversion by Faraday rotation, the equivalent of domain reversal over a limited number of periods has been demonstrated by using a serpentine current [8] and by using a garnet structural modification with laser annealing [9] . The evolution of the averaged Stokes parameters would approximately follow a sequence of halforbits alternating between rotation axes along the directions ðÁk brf ; 0; AEÁk MO Þ [5] , [9] .
It would be challenging to extend these domain reversal techniques to short coherence lengths with a large number of periods due to issues with demagnetization and edge effects between the oppositely magnetized sections. Another strategy is to use an alternating sequence of magnetooptic and nonmagnetooptic materials [10] . This could be accomplished by patterning of a garnet upper cladding, and deposition of a dielectric film of similar refractive index (or vice versa), as shown in Fig. 4 . Here, the evolution of the averaged Stokes parameters would approximately follow a sequence of half-orbits alternating between rotation axes along the directions ðÁk brf ; 0; Ák MO Þ and ðÁk brf ; 0; 0Þ. Although the example waveguide profiles shown in Figs. 2 and 3 have a significant refractive index difference between the upper cladding media (silica versus garnet), the difference in the calculated effective indices for the modes is only 0.002-0.004, which indicates that scattering at the section interfaces should not be a concern, especially as the conditions for Bragg scattering are highly unlikely to be satisfied. Therefore, the use of an alternating upper cladding is somewhat tolerant of the refractive index differences of the upper claddings.
Reciprocal Polarization Mode Converter
For an integrated waveguide isolator based on Faraday rotation, while it is possible to devise polarization selectivity for TE-or TM-polarized modes, it is not straightforward to replicate this selectivity for a specifically orientated polarizer, including the desired 45 orientation. One solution is to additionally incorporate a reciprocal polarization mode converter (R-PMC) section, which provides the functionality of an appropriately orientated wave plate [5] . Such R-PMCs can also be exploited in a range of other applications from mode conversion (e.g., for polarization diversity formats and polarization independent functionality) to splitters and combiners (e.g., in modulators). The mode-beating approach to R-PMC uses a waveguide with an asymmetric cross section [11] where the modes contain both significant TE-and TM-components.
A common approach to the fabrication of a semiconductor rib waveguide with an asymmetric cross section is to use a combination of dry-etch and an anisotropic wet-etch for the two waveguide walls [12] , [13] . Asymmetric profiled waveguides fabricated with a single-step dry-etching have been demonstrated using a spatially anisotropic etch [14] , using an angled substrate holder [3] , or using reactive ion etch (RIE) lag phenomena with offset trenches [2] or a single trench [15] . The RIE lag approach is particularly attractive as the subwavelength features can be tapered to provide smooth transitions between waveguide elements.
The majority of interest in mode-beating R-PMCs has focused on waveguide profiles that can provide 100% TE-to TM-polarization conversion in a half-beat length, i.e., the equivalent of a bulk birefringent element with an optic axis orientated at 45 to the wafer normal. Such a waveguide solution can only be approached asymptotically with increasing stringent tolerance requirements on the cross-sectional profile [15] . The same stringent profile requirements also apply for the implementation of a 50% mode conversion with exactly a quarter-beat-length element. We have identified that most polarization functionality can be implemented with a waveguide element providing 50% TE-to TM-polarization conversion in a half-beat length, although consequently, multielement devices may be necessary. This waveguide element is the equivalent of a bulk birefringent half-wave plate with an optic axis orientated at 22. 5 or 67.5 to the wafer normal. The Stokes vectors corresponding to these optic axis orientations are S ¼ ð1= ffiffiffi 2 p ; AE1= ffiffiffi 2 p ; 0Þ and ðÀ1= ffiffiffi 2 p ; AE1= ffiffiffi 2 p ; 0Þ, respectively. This element is a modal 3-dB splitter, where a singly polarized guided wave input produces equally split power output into the two output polarization modes with a relative phase of 0 or 180 . Unlike the 100% conversion approach, the profile can progressively optimized by bracketing the ideal solution, and fabrication tolerance considerations can be incorporated into the design. Fig. 5 shows the Stokes parameters for each of the two guided modes of an asymmetric RIE-lag structure in the same GaAs/AlGaAs wafer structure at a wavelength of 1.064 m examined previously. It is sufficient for a modal 3-dB splitter to incorporate a single slot; here, we use dimensions of 0.10 m wide and 0.27 m deep taken from the RIE-lag calibration used in [2] . The averaged modal Stokes vectors bisect the angle between the axes in the S 1 -S 3 plane: S ¼ ð0:7294; 0:6780; 0Þ and (À0.7353,À0.6722, 0) with effective indices n eff ¼ 3:3356 and 3.3328, respectively, giving a half-beat length of 192.5 m. These averaged modal Stokes vectors are reasonably close to the desired solution and further optimization is possible with some fine-tuning of the rib dimensions.
The reproducibility of the slot etch can be improved by incorporating an etch-stop layer instead of relying on a calibration of the RIE-lag effect, particularly where there is a doped upper cladding to provide a p-i-n structure for integration with lasers, amplifiers, or modulators. Fig. 6 shows the Stokes parameters for each of the two guided modes of an asymmetric RIE-lag structure in an idealized approximation to a commercial (IQE) aluminum quaternary 1.55-m p-i-n laser wafer incorporating an etch stop layer [16] . The deep-etched rib width is 1.50 m with a 0.22-m-wide slot centered 0.39 m from the edge of the rib. The averaged modal Stokes vectors bisect the angle between the axes in the S 1 -S 3 plane, as required: S ¼ ð0:7025; 0:7071; 0Þ and (À0.6986, À0.7098, 0) with effective indices n eff ¼ 3:1503 and 3.1472, respectively, giving a half-beat length of 254.1 m.
Differential Phase Shifter
In order to provide a variable polarization transformation, it is necessary to control the relative phase retardation between the two modes. As the beating between the modes transcribes an orbit around the modal axis, the differential phase shift determines the end point of this stage of evolution. Therefore, the locus of output polarization states from a differential phase shifter on the Poincaré sphere is a circular orbit or is a part thereof. The simplest methods are based on a regular waveguide section, which supports BTE-[ and BTM-[ polarized modes. In terms of evolution of the Poincaré sphere, such a differential phase retardation is represented by a specified rotation around the S 1 axis.
Most semiconductor waveguide modulation techniques give rise to anisotropic refractive index modulation. For example, a (multiple) quantum well structure will have the heavy-hole absorption feature in its spectrum for the TE-polarization only, and therefore, refractive index changes in the transparency region below the bandgap absorption edge will typically have a larger effect on TEpolarized modes, in comparison with TM-polarized modes. Therefore, a differential phase shift is normal for heterostructures employing the QCSE [17] , current injection of carriers, or even with a thermally induced bandgap shift.
In bulk cubic semiconductors, the electrooptic (Pockel's) effect can be used for high-speed modulation. The only nonzero electrooptic coefficient is r 41 (and equivalent), which means that for a voltage applied normal to the wafer surface, the phase shift will be applied to TE-polarized modes only. Even when the material and the refractive index modification appear to be completely isotropic, the breaking of the symmetry by imposing a waveguide structure can result in a differential phase shift anyway. For example, consider the rib waveguide in Fig. 2 . The modesolver is repeated but with the room-temperature bulk GaAs and AlGaAs refractive indices replaced with appropriate values, for a temperature of 125 C. The modes now have effective indices n eff ¼ 3:3995 and 3.3913, respectively, giving a half-beat length of 65.10 m. The mode profiles have been slightly modified so that the overlaps with low index cladding change. The reduction in the half-beat length from 68.29 m to 65.10 m is indicative of a differential phase shift. It can be concluded that this is sufficient to provide a relative phase shift with a 100 C temperature rise in a waveguide length of 1.39 mm. Similar isotropic refractive index modulations can be achieved with the Franz-Keldysh effect (electric field) or bandfilling (carrier injection) [18] .
Waveguide Device Integration
The mode-beating waveguide elements described previously, along with a polarization mode splitter [19] , [20] (equivalent of a polarizing beam splitter), can be combined in a number of ways to provide functional polarization devices as shown in Fig. 7. 
Optical Isolator
The integrated optical isolator device contains a reciprocal and a nonreciprocal polarization mode converter [5] . A quarter-wave-plate element is required between them to provide the required phase shift to convert linear to circular polarization. The polarization state evolution can be shown schematically as a trajectory on the Poincaré sphere, as shown in Fig. 8 . In the forward propagation direction, the initial TE-polarized guided wave S ¼ ð1; 0; 0Þ undergoes 1) 3-dB reciprocal polarization mode conversion (blue), 2) a quarter-wave phase retardation (green), and 3) a sequence of quasi-phase-matched half-beat lengths of magnetooptic (red) and half-wave phase retarders (green) to provide a TE-polarized output.
In the reverse direction, note that the directions of the magnetic field and the asymmetry of the R-PMC are inverted with respect to the propagation direction so that the relevant modal axes are flipped: ðÁk brf ; 0; Ák MO Þ ! ðÁk brf ; 0; ÀÁk MO Þ and ð1=
0Þ. An initial TE-polarized guided wave undergoes 1) a sequence of quasi-phase-matched half-beat lengths of magnetooptic (red) and half-wave phase retarders (green), 2) a quarter-wave phase retardation (green), and 3) 3-dB reciprocal polarization mode conversion (blue) to provide a TM-polarized output S ¼ ðÀ1; 0; 0Þ.
This combined nonreciprocal polarization mode conversion will provide optical isolator functionality with the incorporation of polarization (TE/TM) discrimination at the input and output ports. This could be accomplished with polarization mode splitters (which, more generally, provides a directional multiplexer/demultiplexer as shown in Fig. 7 ) or anisotropic absorbers. If the output is into a polarization preserving optical circuit, then there may not be a need for an output polarization discriminator. If the optical input is from an integrated quantum well laser, then the TE-polarized output and the lack of heavy-hole features in the TM-polarization spectrum may automatically provide the necessary polarization selectivity (as shown in Fig. 7 ).
Polarization Modulator/Aligner
A common method for obtaining optical amplitude modulation, particularly in integrated optics, is the Mach-Zehnder interferometer in which the light is split between two arms with a variable relative phase shift and recombined. Instead of using physically separate arms, the same principle can be applied where the two polarization modes of a waveguide are used for the two distinct optical paths. That is the amplitude in each mode of a waveguide can be modulated with a 3-dB R-PMC, a differential phase shifter, and a second 3-dB R-PMC.
The polarization state evolution for such a modulator with a TE-polarized guided-wave input is shown on the right side of Fig. 8 . The first R-PMC rotates the polarization state a half-turn around the ð1= ffiffiffi 2 p ; 1= ffiffiffi 2 p ; 0Þ axis from TE-polarized to 45 linearly polarized (blue). The differential phase shifter element then translates the polarization state to a point on the locus of the S 1 ¼ 0 circle (green). The second R-PMC rotates the polarization state a subsequent half-turn around the ð1= ffiffiffi 2 p ; 1= ffiffiffi 2 p ; 0Þ axis, translating the locus of the polarization state to the S 2 ¼ 0 circle (red). This range of polarization states has a modulus ranging from 0 to 1 for the TE-and TM-polarized components, achieving amplitude modulation with a polarization discrimination element. In [20] , there is a schematic of such a polarization-based amplitude waveguide modulator where the R-PMCs correspond to quarter-beat length of 100% converters, and the differential phase shift is provided by Pockel's electrooptic effect. A similar approach has also been described for a polarization controller with cascaded elements consisting of orientated, spliced birefringent optical fiber sections, and thermooptic modulation [21] .
The principal advantage of an amplitude guided-wave modulator based on polarization manipulation over the standard Mach-Zehnder modulator is that the single contiguous waveguide uses less real estate on the chip. It is therefore particularly suited to dense optoelectronic integration formats, such as in device arrays.
Returning to the polarization state evolution on the right side of Fig. 8 , with the Differential Phase Shifter element providing a phase difference in the range 0À2 so that the locus of the potential polarizations is a complete circle, a second subsequent differential phase shifter element providing a phase difference in the range 0À would allow any point on the Poincaré sphere to be accessed. The schematic for such a polarization modulator is shown in Fig. 7 . As this is a reciprocal device, it can also be inverted to allow any inputted coherent polarization state to be aligned to the TE-polarized mode (or alternatively the TM-polarized mode). Such a device would prove extremely useful in providing dynamic control in a nonpolarization preserving network of polarization sensitive components (such as semiconductor optical amplifiers).
For the case of a general polarization transformer providing a conversion from any given coherent polarization state into any other given polarization state, this could be achieved with a back-to-back integration of two such modulators providing polarization state alignment and subsequent modulation. However, such a device has a number of redundant elements which can be removed, namely, two consecutive 3-dB R-PMC elements, and with their removal, two consecutive differential phase shifter elements can be combined. The resulting minimum requirement for an any-to anypolarization transformer consists of two 3-dB R-PMC elements and three differential phase shifter elements, as shown in Fig. 7 .
Conclusion
In this paper, a number of III-V semiconductor based waveguide elements have been studied, which can be combined to realize a range of polarization functional devices. We have discussed, in particular, two classes of polarization functional integrated waveguide devices, namely optical isolators (and related nonreciprocal devices) and polarization modulators (and related reciprocal devices). All of the individual waveguide sections discussed here use the principal of mode beating between the two fundamental polarization modes of the waveguide. The difference between the types of section is the means by which a particular set of modes are obtained. The devices discussed here are generally formed as a single contiguous waveguide, although some nonreciprocal applications may additionally require a polarization mode splitter. Therefore, the devices discussed here are particularly suited to implementations where the transverse chip real estate is a constraint, such as in device arrays.
Both classes of devices require a R-PMC element(s), and we have identified that the requirements can be met with a universal 3-dB converter consisting of a half-beat length (half-wave-plate equivalent) that provides 50% TE-to TM-polarization (and TM-to TE-polarization) conversion. Such a converter can be physically realized, and we consider two single-trench asymmetric rib waveguide examples: 1064-nm application using RIE-lag and 1550-nm application using an etchstop layer. The alternative 100% conversion solution that is discussed more prevalently in the current literature can only be approached asymptotically.
The nonreciprocal mode conversion discussed here is based on Faraday rotation in a garnet upper cladding. The form birefringence in a waveguide format prevents the required mode conversion from being achieved in a single step, but a quasi-phase-matched approach can be employed with successive half-beat lengths of magnetooptic and nonmagnetooptic waveguide sections.
The waveguide analysis presented here is based on a full-vectorial finite-difference modesolver [4] . We observe that with typical III-V waveguide profiles of the scale of the vacuum wavelength on a semiconductor substrate, the polarization state has an only relatively small variation across the mode profile. Therefore, it suffices to condense the polarization state to an averaged Stokes vector. The validity of the approximation can be tested by the proximity of the modulus of the averaged Stokes vector to unity. We surmise that the validity of this approximation may be compromised for some nanophotonic wire (highly confined) structures. The use of an averaged Stokes vector allows some plane-wave constructs to be employed. We have used the Poincaré sphere to illustrate the polarization state evolution in the integrated waveguide device designs.
